Ovulation, which is induced by the ovulatory luteinizing hormone (LH) surge, is a dynamic process that results in a discharge of one or more fertilizable oocytes from the ovarian follicle into the ovarian cavity or into the abdominal cavity. Follicle rupture is a core event of the ovulatory process and has been the subject of intensive investigation. Many studies have been performed in various vertebrate animals that focused on proteolysis during ovulation. Despite much effort, the proteases responsible for follicle rupture in ovulation have not yet been identified for mammalian species. However, studies conducted using the teleost medaka have recently provided valuable information about the follicle rupture process. Follicle rupture during medaka ovulation is accomplished by a two-step extracellular matrix (ECM) hydrolysis mechanism involving two distinct protease systems, the urokinase-type plasminogen activator-1 /plasmin and the matrix metalloproteinase system. In the 24-h spawning cycle of the fish, the former protease system is activated first, and the latter subsequently becomes active. Proteolytic activities of these systems are regulated by their intrinsic inhibitors. The endocrine regulation of the rupture was examined by investigating the expression of matrix metalloproteinase 15 (Mmp15), which is the only LH-inducible protease among those involved in the rupture process. At least two transcription factors, classical nuclear progestin receptor and CCAAT/enhancer-binding protein β, play critical roles in the expression of the protease transcript. This review also summarizes studies addressing follicle rupture during ovulation conducted using other teleost models to understand the current status of teleost ovulation studies.
Introduction
In most sexually reproducing animals, including both invertebrates and vertebrates, oocytes generally develop in the ovarian follicle. After the oocytes become fully developed, they escape from the follicle. This process is called ovulation and is induced by the surge of luteinizing hormone (LH). The gonadotropin surge initiates the ovulatory process by programing the transcriptional profiles of many genes in the follicle (Espey & Richards 2002 , Richards 2007 , Gilbert et al. 2011 , Christenson et al. 2013 , Richards et al. 2015 , Lussier et al. 2017 , causing multiple biochemical and biophysical changes.
Follicle rupture during ovulation has attracted the most attention among researchers. Many studies have been conducted (mainly using mammalian species) to understand this process. These have included the search for proteolytic enzymes critically involved in follicle rupture, the determination of the molecular mechanism by which the rupture is accomplished, and the regulation of expression of the enzymes in the follicle. Unfortunately, the proteolytic enzymes responsible for the rupture have not been identified in mammals. For more information on the research addressing the role of proteases in follicle rupture during ovulation in mammalian species, readers are referred to the previously published reviews (Ny et al. 2002 , Smith et al. 2002 , Ohnishi et al. 2005 , Curry & Smith 2006 , Espey & Richards 2006 , Liu et al. 2013 .
Teleosts belong to the class Osteichthyes (bony fishes), which represent the largest vertebrate class and a very diverse animal group. They are predominantly dioecious and have extracorporeal spawning. In some teleost species, hermaphroditism and gynogenesis occur (Nagahama 1983) . In teleosts, studies focused on the implication of proteases and the protease inhibitors have been performed using various species (Berndtson & Goetz 1988 , 1990 , Ogiwara et al. 2005 , Bobe et al. 2006 , Crespo et al. 2010 , Liu et al. 2017 . These studies have strengthened the notion that proteolytic events are necessary for successful ovulation in teleosts as well. At present, our understanding of this issue is most advanced in medaka (Oryzias latipes), a freshwater teleost. There are many advantages to using the medaka fish for the studies: (i) It spawns every day under suitable light and temperature conditions. (ii) The timing of the sequential processes of spawning, such as the completion of vitellogenesis, the gonadotropin LH surge, the synthesis of the critical steroid 17α,20β-dihydroxy-4-pregnen-3-one (17,20βP) that initiates final oocyte maturation and ovulation, breakdown of the germinal vesicle and ovulation, can be determined. (iii) An experimental system for studying ovulation using dissecting follicles in vitro has been established. Hence, the medaka affords a tractable model system for the study of ovulation.
To our knowledge, there are few reports in the literature that reviewed ovulation with an emphasis on the role of proteolytic enzymes in teleost ovulation. In this review, we have described the findings gained from the medaka experimental model because studies using this species have provided comprehensive knowledge of teleost ovulation. Throughout the review, we also mention the relevant findings obtained from experiments using other teleosts as well as mammals to help understand the current status of teleost ovulation studies.
The literature search was performed using the electronic database PubMed until August 2018 to identify original articles.
Ovary and follicle structure of teleosts
Reproduction in vertebrates is generally thought to be controlled by the hypothalamic-pituitary-gonadal (HPG) axis, and the precise actions of main hormones and factors involved in the system have been the subject of intensive research. GnRH is widely known to be a master player in the control of reproduction by stimulating synthesis and release of gonadotropins, follicle-stimulating hormone (FSH) and LH, in the pituitary gland. Hence, follicle structure and its function are under the control of the HPG axis.
In general, the ovaries of teleosts are a paired organ. In some species, including medaka, paired structures become fused into a single organ in their early developmental stages. The ovary consists of oogonia, oocytes, somatic cells that surround the individual germ cell, stroma and vascular and nervous tissue (Nagahama 1983) . Most teleosts reproduce in a cyclic manner, and the ovary exhibits considerable changes at different times during the reproductive cycle. Teleost fishes, such as medaka, goldfish and zebrafish, spawn many times during a prolonged breeding season. In these fish, oocytes at all stages of development are observed in the ovary (Wallace & Selman 1981 , Nagahama 1983 .
Previous studies of teleost ovaries have revealed the detailed structure of ovarian follicles (Yamamoto 1963 , Hirose 1972 , Pendergrass & Schroeder 1976 , Grier 2000 , Grier et al. 2007 , 2009 ). The whole body of the ovary is covered by the ovarian germinal epithelium lined with a basement membrane. In the follicle that has completed folliculogenesis, the follicular envelope surrounding the large oocyte, that contains a globule of fluid yolk, consists of a granulosa cell layer, basement membrane, and a theca cell layer from inside to outside (Fig. 1) . The theca cell layer of the teleosts has been reported to contain fibroblasts, collagen fibers, capillaries, and in some species, special thecal cells (Nagahama 1983) . In some fishes, the follicles share the basement membrane with the surface germinal epithelial cells at the follicle attachment site (Grier et al. 2005 (Grier et al. , 2007 (Grier et al. , 2009 ). This area of contact is presumed to be the rupture site of the follicle at ovulation. It has also been reported that there is no thecal layer between the shared basement membrane and the germinal epithelial cell layer (Grier et al. 2009) . From these observations with ovarian follicles of several teleost species, the novel assumption emerges that breakdown of the shared basement membrane, follicle cell layer and overlying germinal epithelium would be sufficient for the oocyte to be ovulated (Grier et al. 2009 ). However, we currently present a schematic model for the follicular envelope of the medaka as shown in Fig. 1 . Neither special theca cells nor fibroblasts are shown in the theca cell layer because previous morphological studies have reported the lack of these cells in the ovulatory follicle of the fish (Iwasaki 1973 , Pendergrass & Schroeder 1976 . This model shows that the follicle envelope of follicles destined for ovulation consists of a single layer of granulosa cells surrounding an oocyte, a single layer of theca cells and a basement membrane between the two somatic cell layers. The envelope is further covered with a single layer of surface germinal epithelial cells with its own supporting basement membrane. This drawing is consistent with the electron microscopic observation reported by Pendergrass & Schroeder (1976) ; the micrograph showed the presence of the theca cell layer in the follicles that are predicted for ovulation in 9 h. Iwamatsu (2006) previously presented a schematic model for the follicular envelope of the fish preovulatory follicle with a theca cell layer. In this review, we will discuss the proteolytic degradation process of the envelope extracellular matrix (ECM) in medaka ovulation based on the model illustrated in Fig. 1 .
Differences exist in the follicle envelope between teleosts and mammals. In the preovulatory follicles of The follicle envelope of the preovulatory follicle that is destined to ovulate is schematically shown. BM, basement membrane; EM, egg membrane; GC, granulosa cell; GE, germinal epithelium; Oc, oocyte cytoplasm; TC, theca cell; Y, yolk. mammalian species, several layers are discriminated at the rupture site from the outside to the apical region: surface epithelium, tunica albuginea, theca externa, theca interna, basement membrane and granulosa. The surface epithelium is a single layer of cuboidal epithelial cells that cover the entire surface of the ovary and are loosely attached to a thin basement membrane at the surface of the tunica albuginea (Espey & Richards 2006) . Granulosa cells are further divided into two groups: ordinary granulosa cells that line the inside of the basement membrane in several cell layers and cumulus granulosa cells that surround and directly contact the oocyte. The theca externa and theca interna structures consist of several cell layers. Another interesting feature of mature mammalian follicles is the presence of the follicular cavity or antrum that contains liquid convergence. Fibroblasts are densely found in the tunica albuginea and theca externa, while they are sparse in the theca interna (Espey & Richards 2006) .
Distribution of ECM components in the follicle envelope in teleosts
Ovarian follicle ECM components have been extensively characterized in mammalian species (Espey 1999, Rodgers et al. 2003 , Irving-Rodgers & Rodgers 2006 , Berkholtz et al. 2006 , Curry & Smith 2006 . In the follicular envelope of a fully grown preovulatory follicle, ECM proteins are rich in the theca cell layer as well as in the basement membrane. Although a variety of molecular species of ECM proteins are found to be present in the envelope (Rodgers et al. 2003) , collagen type I is the major ECM protein in the theca cell layer while collagen type IV and laminin are the two dominant ECM proteins in the basement membrane (Lind et al. 2006a) . In teleosts, there are several reports that describe the localization of ECM proteins in the ovarian follicle. In the study of early ovarian regression using Prochilodus argenteus, laminin and collagen type IV were identified as the major constituents of the basement membrane of the ovulatory follicle (Thomé et al. 2010) . Furthermore, the intensity of immunochemical staining associated with collagen type IV decreased significantly in the follicle 3 days after ovulation (Santos et al. 2008) . Localization of three ECM proteins (collagen type I, collagen type IV and laminin) in the follicle envelope of preovulatory follicles was also investigated in the medaka (Horiguchi et al. 2008 , Kato et al. 2010 , Ogiwara et al. 2015 . Immunohistochemical analysis demonstrated that all the ECM proteins were detected in association with a thin layer of theca cells and/or basement membrane, but they were not associated with the granulosa cells of the follicles. This conclusion is supported by co-examining the localization of Mmp15 (Fig. 2) . Both collagen type I and collagen type IV expression levels are restricted to the periphery of the follicles and are clearly different from Mmp15 localization. Mmp15 is a marker protein associated with granulosa cells of the medaka periovulatory and postovulatory follicles. Although convincing information on the precise intrafollicular distribution of the ECM proteins has yet to be provided, the results of morphological studies described above, together with biochemical data (Kato et al. 2010 , Ogiwara et al. 2015 , appear to support strongly the idea that collagen type I is localized in the extracellular space of the theca cell layer while collagen type IV and laminin are the major components of the basement membrane in the fully grown medaka follicle. Using in situ hybridization analysis, collagen type I and collagen type IV were demonstrated to be synthesized Figure 2 Localization of collagen type I and collagen type IV protein in the ovarian follicle in medaka. Immunohistochemical analysis was performed using paraffin sections of spawning medaka ovaries isolated 19 h before ovulation. Mmp15, collagen type I and collagen type IV were stained using purified rabbit anti-medaka Mmp15 antibody, rat anti-medaka collagen type I α1 chain antibody or mouse anti-medaka collagen type IVα1 chain antibody, respectively, as primary antibodies. As secondary antibodies, Alexa Fluor 555-conjugated anti-rabbit IgG antibody (for Mmp15), Alexa Fluor 488-conjugated anti-rat IgG antibody (for collagen type I) and Alexa Fluor 488-conjugated anti-mouse IgG antibody (for collagen type IV) were used. As noted in the merged images, both collagen I and collagen IV staining are observed as a thin line that surrounds the staining of Mmp15 (circled by a dotted line), a marker protein for granulosa cells of the fish ovarian follicles around the time of ovulation.
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Collagen Type IV Merged in the thecal cells (Kato et al. 2010) while laminin was produced in the granulosa cells of the preovulatory follicle in the medaka ovary (Ogiwara et al. 2015) .
ECM hydrolysis in follicle rupture during teleost ovulation
Collagenous tissue degradation in the follicle layer of periovulatory follicles is required for the mature oocyte to be released. The first indication that proteolytic enzymes were involved in ovulation in teleost fish was reported in brook trout (Berndtson & Goetz 1988) . The authors found that in the casein-zymographic analysis, follicle wall extracts had at least six separate polypeptide bands with proteolytic enzyme activity and that the activities associated with the polypeptides were completely or partially inhibited by metallo-and collagenolytic protease inhibitors and serine protease inhibitors. The same authors further confirmed these observations using other teleost species (Berndtson & Goetz 1990) . Collagenolytic activities of the follicle wall extracts increased significantly in both brook trout and yellow perch prior to ovulation and remained elevated after ovulation. Implication of kallikrein-like serine protease (KT-14) in trout ovulation was also documented (Hajnik et al. 1998) . In more recent studies using microarray analysis (Bobe et al. 2006 ) and genome-wide differential gene expression analysis (Liu et al. 2017 , Klangnurak & Tokumoto 2017 , upregulated or downregulated genes in the ovulatory follicle at ovulation were identified. Transcripts for serine protease 23 (sp23) and disintegrin and metalloproteinase domain 22 (adam22) were found to be induced in the periovulatory follicle of rainbow trout (Bobe et al. 2006) . A drastic change in gene expression was observed for a disintegrin-like and metalloproteinase with thrombospondin type 1 motif 9 (adamts9), adamts8b and mmp9 (also known as gelatinase B) in the periovulatory follicle of zebrafish (Liu et al. 2017) . Recent studies have reported the importance of Mmp2 (also known as gelatinase A) and KT-14 for ovulation in brook trout and brown trout (Crespo et al. 2010 (Crespo et al. , 2013 (Crespo et al. , 2015 . In addition, upregulation of transcripts encoding various intrinsic protease inhibitors at the time of ovulation has been reported for several teleost species. Levels of ovarian transcripts of trout ovulatory protein-1 and -2 (TOP-1 and TOP-2), proteins that share homology with antileukoproteinases (a group of mammalian leukocytic protease inhibitors), dramatically increased as the time of ovulation neared (Garczynski & Goetz 1997 , Coffman et al. 2000 . Serine proteinase inhibitor family E member 1 (serpine1) and tissue inhibitor of metalloproteinase-2 (timp2) were also shown to be upregulated during ovulation in zebrafish (Liu et al. 2017) . Involvement of TOP-2 in brook trout and brown trout ovulation has been suggested (Crespo et al. 2015) . These findings indicate that proteolytic enzymes, together with intrinsic proteinase inhibitors, play a role in ECM degradation in follicle rupture during teleost ovulation. In the past decade, the ECM degradation mechanism that regulates follicle rupture has been explored in the medaka (Ogiwara et al. 2005 (Ogiwara et al. , 2012 (Ogiwara et al. , 2015 . The rupture of follicles in the fish is accomplished by the sequential action of two proteolytic enzyme systems, the urokinase-type plasminogen activator-1 (Plau1)/ plasmin system and the matrix metalloproteinase (MMP) system. These enzymes are controlled by plasminogen activator inhibitor-1 (Pai1) and tissue inhibitor of metalloproteinase-2b (Timp2b), respectively. A follicle rupture model for medaka ovulation is shown in Fig. 3 .
During the 24-h spawning cycle of the mature female fish, post-vitellogenic (or preovulatory) follicles undergo a surge of LH approximately 18 h before ovulation (Iwamatsu 1978 , Ogiwara et al. 2013 . A series of ECM degradation reactions occur in the follicle wall approximately 10 h after the LH surge, which lasts until ovulation. The degradation process involves many proteins; most of them are derived from the oocyte and the granulosa cells of the follicle, while plasminogen is thought to have an extraovarian origin. In the follicle that has undergone LH surge, the Plau1/plasmin and the MMP proteolytic enzyme system both remain inactive until 7 h before ovulation due to the inhibitory effects of the respective inhibitors (Pai1 for Plau1 and Timp2b for MMP) (Fig. 3A) . Inactive precursor Plau1 (ProPlau1) is constitutively synthesized in and secreted from the oocyte of the follicle throughout the 24-h spawning cycle. The secreted ProPlau1 is likely converted to active Plau1 through proteolytic processing by an unknown protease. However, the resulting active Plau1 is immediately inactivated by Pai1, which is secreted from the granulosa cells of the follicle. This prevents Plau1 from attacking egg membrane-bound plasminogen, which is presumably derived from the liver via the circulatory system, thus preventing the generation of active plasmin in the follicle. During this period, the MMP system is also kept inactive. Mmp2 (also known as gelatinase A) is constitutively synthesized in the oocyte as its inactive precursor proMmp2. ProMmp2 is then activated by membrane-bound Mmp14 (also known as Mt1-mmp) which is expressed constitutively on the cell surface of the oocyte. However, Timp2b, which is also produced by and secreted from the oocyte to the extracellular space of the follicle, binds to Mmp2 to suppress the enzyme activity. Approximately 7 h before ovulation, expression of Pai1 in the granulosa cells of the follicle is reduced, resulting in low levels of secreted Pai1 in the extracellular space (Fig. 3B) . Hence, Plau1 can escape from the inhibitory effect of Pai1. Active Plau1 is now capable of converting egg membranebound plasminogen to the active enzyme plasmin, which in turn hydrolyzes laminin, one of the major ECM components of the follicle basement membrane.
Collagen type IV, another major ECM component of the basement membrane, is not degraded by plasmin at all at this time period. Reduced expression levels of Pai1 in the granulosa cells last for several hours. Pai1 expression and secretion resume approximately 3 h before ovulation, ceasing the conversion of plasminogen to plasmin due to the suppression of Plau1 activity by newly synthesized Pai1. Meanwhile, the MMP proteolytic system in the follicle still remains inactive. However, during the last 3 h of the 24-h spawning cycle, active Mmp2 and Mmp15 (also known as Mt2-mmp) appear in the follicle (Fig. 3C ). During this period, levels of Timp2b in the extracellular space of the periovulatory follicle are drastically reduced. As a result, Mmp2 is freed from inhibition by the intrinsic proteinase inhibitor, which allows the protease to degrade collagen type IV remaining in the basement membrane. A membranebound protease Mmp15 is expressed on the cell surface of the granulosa cells at this time. Collagen type I that is in the extracellular space of the theca cell layer is effectively degraded by Mmp15. Mmp15 attack on collagen type I is feasible only after the breakdown of the basement membrane. Based on the findings that sequential actions of two distinct proteolytic enzyme systems are required for follicle ovulation, we have proposed a 'two-step ECM hydrolysis mechanism' for follicle rupture during ovulation in the medaka (Ogiwara et al. 2015) .
The surface germinal epithelial cell layer and the basement membrane lining the cell layer at the site of rupture also need to be disintegrated in order for the oocyte to be expelled from the follicle. However, there is currently little information regarding this process for medaka or any other teleost species. As described above, a series of proteolytic reactions required for follicle rupture during ovulation in medaka starts at the rupture site approximately 7 h before ovulation. At present, we hypothesize that the basement membrane between the epithelial cell layer and the theca cell layer at the rupture site may have already been degraded by a yet-undefined mechanism by this time.
Table 1 summarizes studies that have investigated the role of proteolytic enzymes and their inhibitors involved in fish ovulation.
Endocrine regulation of ECM hydrolysis of the follicle wall during ovulation
The role of LH in teleost ovulation is illustrated by the ability of fish recombinant LH to induce ovulation in vitro in medaka (Ogiwara et al. 2013 ) and brook trout (Crespo et al. 2013) . Further, the essential roles of the gonadotropin and its cognate receptor have been demonstrated by gene knockout experiments using zebrafish (Chu et al. 2014 , Zhang et al. 2015 and medaka .
In teleosts, two progestins, 17α,20β-dihydroxy-4-pregnen-3-one (17,20βP) in most fish and 17,20β,21-trihydroxy-4-pregnen-3-one (20β-S) in some fish, are known to act as maturation-inducing hormones (MIH) or maturation-inducing steroids (MIS) (Nagahama , Tokumoto et al. 2006 , Nagahama & Yamashita 2008 , Senthilkumaran 2011 , Thomas 2012 . Progestin-activated mPR is believed to act via nongenomic pathways to induce oocyte maturation. On the other hand, progestins also activate a series of reactions that are closely associated with ovulation in the follicle cells by binding to a nuclear progestin receptor (Pgr, also known as nPR) which acts as a ligand-activated transcription factor. Progestin-activated Pgr plays a key role in the expression of various factors and proteins required for ovulation through a genomic mechanism (Hagiwara et al. 2014 , Zhu et al. 2015 , Tang et al. 2016 , Ogiwara & Takahashi 2017 , Liu et al. 2017 . Recently, a mechanism for the Pgr-regulated expression of ovulatory proteases has been investigated using medaka (Ogiwara & Takahashi 2017) (Fig. 4) . As described in the preceding section, at least five distinct proteases (Plau1, plasmin, Mmp2, Mmp14 and Mmp15) participate in the degradation of follicle wall ECM in the fish ovulation. Among them, Mmp15 is the only protease that is drastically induced in the granulosa cells of preovulatory follicles by the LH surge. When the LH stimulus occurs approximately 18 h before ovulation, intracellular cAMP levels are immediately elevated in the cells, which leads to pgr mRNA and protein expression in the next several hours. Pgr is expressed in the granulosa cells of the follicles from 13 h to 3 h before ovulation, and the maximum level of expression occurs approximately 8 h before ovulation (Hagiwara et al., 2014) . We have shown that in vitro experiments using isolated post-vitellogenic follicles, pgr/Pgr expression can be induced by treatment with recombinant medaka LH, but LH-induced expression of the gene is not affected by adding protein kinase A inhibitor H-89 into the culture (K Ogiwara & T Takahashi unpublished observation). Thus, the pathway activated by cAMP is perhaps independent of protein kinase A. Further investigations are warranted to establish the mechanism Proteases: KT-14 (brook trout) (Hajnik et al. 1998 , Crespo et al. 2010 (Liu et al. 2017) *From the studies of Ogiwara et al. (2005 Ogiwara et al. ( , 2013 Ogiwara et al. ( , 2015 . See the text for details.
of how elevated cAMP levels within the granulosa cells cause pgr/Pgr expression changes. Regarding the regulation of progestin synthesis in the preovulatory follicles of fish, a dramatic shift in the steroidogenic pathway from estradiol-17β to 17,20βP or 20β-S occurs after the LH surge (Nagahama & Yamashita 2008) . It is generally thought that synthesis of 17α-hydroxyprogesterone from the precursor cholesterol occurs in the theca cells and that the last step of conversion from 17α-hydroxyprogesterone to 17,20βP or 20β-S is catalyzed by an enzyme present in the granulosa cells. In the medaka, 17,20βP is a known naturally occurring progestin that functions as a mediator of oocyte maturation and ovulation (Sakai et al. 1987 , Fukada et al. 1994 . In this fish, removal of all follicular constituents, but not removal of the thecal layer alone, prevented gonadotropin-induced maturation of oocytes. Denuded oocytes undergo maturation in response to gonadotropin when co-cultured with isolated granulosa cells (Iwamatsu 1980 ). In addition, granulosa cells isolated from large ovarian follicles of daily spawning medaka at 8.5 h, but not 2.5 h, after the onset of light produces immunoreactive materials detectable with anti-progesterone antibody and anti-17α-hydroxyprogesterone antibody (Onitake & Iwamatsu 1986 ). These results suggest that medaka granulosa cells alone are capable of producing 17,20βP in response to gonadotropin. Consistent with this notion, our group (K Ogiwara & T Takahashi 2016, unpublished results) and another group (Y Nagahama 2015, personal communication) found that P450scc, 3β-hydroxysteroid dehydrogenase (type 1) and 20β-hydroxysteroid dehydrogenase, the enzymes responsible for 17,20βP synthesis (Nagahama & Yamashita 2008) , were all expressed in the granulosa cells of the follicles that had undergone an LH surge in vivo. This situation appears different from that in salmonids, where both thecal and granulosa cells are necessary for the follicular production of 17,20βP in response to gonadotropin (Nagahama & Yamashita 2008) . In the current model, we hypothesize that the granulosa cells are the sole contributors to the production of 17,20βP. In the medaka, 17,20βP production is high in the LH-stimulated follicles between 14 and 6 h before ovulation (Sakai et al. 1988 , Fukada et al. 1994 . The timing of 17,20βP production in the follicle almost completely overlaps with the synthesis of Pgr. This allows Pgr to associate readily with its ligand steroid 17,20βP to become an active transcription factor. The mechanism behind the induction of 17,20βP upon LH stimulation of the follicles is not known in the fish. In amago salmon, an increase in intracellular cAMP levels in the granulosa cells was demonstrated to cause the induction of 20β-hydroxysteroid dehydrogenase (Nagahama et al. 1985 , Nagahama 1997 . In analogy, we tentatively speculate that increased cAMP levels in the cells immediately after LH stimulation may result in de novo synthesis of Pgr as well as production of 17,20βP in the follicles. Considering the occurrence of Pgr protein between 13 and 3 h before ovulation and the expression of 17,20βP between 14 and 6 h before ovulation in the cells, active transcription factor Pgr, a complex of Pgr and 17,20βP, should be formed by 13 h before ovulation at the latest in the granulosa cells. Activated Pgr then contributes to the expression of mmp15 and pai1, LH-inducible genes in the granulosa cells of ovulating follicles. The roles for Pgr in the expression of these two genes will be described below.
The binding of active Pgr to the promoter region of the mmp15 gene was confirmed by ChIP assays (Ogiwara & Takahashi 2017 ). Significant binding was observed at two positions containing putative progesterone response elements that were located within 0.5 kb upstream of the mmp15 transcription start site. Pgr binding occurs at 4 h, but not 13 h, before ovulation. This late timing of Pgr binding to the promoter region is consistent with the previous finding that mmp15 mRNA became detectable as late as 2 h before ovulation in vivo (Ogiwara et al. 2005) . The considerably long time lag from pgr gene activation to mmp15 gene expression could be explained by several factors. We found that Pgr synthesized in the granulosa cells is phosphorylated and that only the phosphorylated form of Pgr is involved in the expression of mmp15 (K Ogiwara & T Takahashi, unpublished observations). Phosphorylated Pgr becomes detectable in the cells on and after 9 h before the expected ovulation time in the 24-h spawning cycle. Furthermore, the transcription factor CCAAT/enhancer-binding protein β (Cebpb) is an additional factor critically involved in the induction of mmp15 expression. Cebpb expression is also regulated by LH though its LH-induced expression is not Pgr dependent. Therefore, Cebpb needs to be synthesized in a Pgr-independent manner prior to the activation of the mmp15 gene. Undoubtedly, this causes a late appearance of Mmp15 (Ogiwara & Takahashi 2017) . However, the above explanations are not convincing enough to explain the late onset of mmp15 transcription in vivo. We currently speculate that there may be additional factors required for the timing of mmp15 expression. Figure 4 illustrates the pathway of Mmp15 induction in the granulosa cells of ovulating follicles that undergo an LH surge.
Of the two intrinsic protease inhibitors (Pai1 and Timp2b) involved in follicle rupture during ovulation in the medaka, Pai1 expression is induced in the preovulatory follicles after the surge of LH (Ogiwara et al. 2015) . The LH-induced expression of Pai1 is mediated by 17,20βP-activated Pgr, and this hypothesis is supported by a number of observations. First, medaka-recombinant Lh (rLh) treatment of preovulatory follicles induces pai1 mRNA expression, but the rLh-induced pai1 expression is inhibited by the addition of trilostane, an inhibitor of 3β-hydroxysteroid dehydrogenase that catalyzes the conversion of pregnenolone, 17-hydroxy-progesterone and dehydroepiandrosterone to progesterone, 17-hydroxy-
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https://rep.bioscientifica.com progesterone and androstenedione, respectively. Additionally, the inhibitory effect of trilostane on pai1 expression in the rLh-treated follicles is nullified if the follicles are incubated together with 17,20βP. Furthermore, LH-induced pai1 expression is inhibited with RU486, a nuclear progestin receptor antagonist for medaka Pgr (Hagiwara et al. 2014 ). More importantly, we found the binding of Pgr to the pai1 promoter region by ChIP analysis (K Ogiwara & T Takahashi 2016, unpublished data) . In this context, it should be noted that pai1 expression in the ovarian follicle of the fish may be regulated in various ways. In situ hybridization analysis revealed that pai1 mRNA was expressed in the oocyte cytoplasm in small-sized follicles (previtellogenic phase, stages III-IV) and medium-sized follicles (vitellogenic phase, stages V-VIII), but the gene expression in the oocyte declined progressively with the growth of the follicles. In large-sized follicles (post-vitellogenic phase, stages IX-X), pai1 mRNA expression is almost exclusively localized in the granulosa cells of the follicle layer (Ogiwara et al. 2015) . These findings suggest that LH-induced and Pgr-mediated pai1 expression observed in the granulosa cells of periovulatory follicles are not the sole mechanisms in ovarian follicles of the fish. Another mechanism may be responsible for the expression of pai1 mRNA in the oocytes of small-and medium-sized growing follicles, which are under the influence of FSH. At present, it is not known how pai1 mRNA expression is regulated in growing follicles without LH stimulation.
In the post-vitellogenic follicles, Pai1 secreted from the granulosa cells inhibits Plau1 activity. This prevents the activation of plasminogen in the follicle. However, gradual decrease in Pai1 synthesis and secretion from the granulosa cells eventually results in the activation of the Plau1/plasmin system. In several hours, Pai1 synthesis resumes in the cells of ovulating follicles in an LH-and Pgr-dependent manner in response to the LH surge.
Here, an additional question is posed concerning the regulation of Pai1 expression in the granulosa cells of the follicles that are destined to ovulate. Our results suggest that two distinct mechanisms may work to regulate Pai1 expression in the cells of the follicles. Pai1 expression may be regulated in an LH-independent manner in the granulosa cells of post-vitellogenic follicles, but its regulation may be switched to an LH-dependent manner in the follicular cells after the LH surge. An attempt to search for key regulators that mediate the many effects of the LH surge within the preovulatory follicle was performed using brown trout (Crespo et al. 2010) . The study determined the important roles of an inflammatory cytokine tumor necrosis factor-α (TNFα) in follicle weakening, ovarian rupture and oocyte expulsion during ovulation. A study by the same group further reported that LH-stimulated mRNA expression levels of genes known to have a crucial role in the degradation of follicle wall structure (Crespo et al. 2013) , including mmp2, mmp9, adamts1, plasminogen and timp2. More recently, it was demonstrated that TNFα is also induced in the follicle by LH and that TNFα in turn controls the expression of genes, such as mmp2, kt14 and top2 (Crespo et al. 2015 ).
An implication of protein kinase C (PKC) in the ovulatory process has been reported for yellow perch (Berndtson et al. 1989) , goldfish (Goetz 1993), brook trout (Planas et al. 1997 , Coffman et al. 2000 and Atlantic croaker (Patiño et al. 2003) . In the context of proteolysis and its regulation, the finding of Berndtson et al. (1989) should be noted. The authors found that incubation of isolated yellow perch follicles with the PKC activator phorbol 12-myristate 13-acetate (PMA) stimulated the rate of follicle ovulation and that protease activity associated with one major 66-kDa protease protein increased in the medium during incubation with the PKC activator.
Perspective
The site of rupture is in the apical most region of the follicle. In mammals, follicle rupture during ovulation is known to be accompanied by alterations in blood flow and vascular permeability of the capillaries distributed in the theca cell layer of the follicle (Tsafriri & Dekel 1994) . Various vasoactive substances have been documented to affect the rupture process (Tsafriri & Reich 1999) . Of interest is a recent finding using mice by Migone et al. (2016) indicating that vasoconstriction of thecal vessels at the apex of the preovulatory follicle is necessary for follicle rupture at ovulation. Furthermore, the report provides evidence that endothelin 2 induces vasoconstriction to allow follicle rupture. On the basis of the results, the authors of that paper have proposed a possible mechanism for destruction of a small region at the apex; vasoconstriction at the apex causes the localized depletion of components, including protease inhibitors derived from serum, facilitating proteolytic degradation of follicle wall ECM by active proteases. Unfortunately, little is known about the mechanism by which the rupture site is precisely localized in teleosts. Future studies are needed to reveal this fundamental problem.
It is now clear that follicle rupture in medaka ovulation is a two-step ECM degradation mechanism involving two distinct proteolytic enzyme systems, the Plau1/plasmin system and the MMP system. These systems are temporally activated in the ovulating follicle when intrafollicular levels of their intrinsic inhibitors are lowered. However, information about the follicle rupture process remains unknown for other teleost species. Therefore, it is presently not clear whether follicle ECM degradation accompanying ovulation in other fish occurs in a manner similar to medaka. Nevertheless, there seems to be some consistency in the proteolytic enzyme system involved in the degradation of ECM in ovulating follicles between medaka and trout. In the pioneering work of Berndtson & Goetz (1988) , proteases responsible for brook trout ovulation were determined to be metalloprotease(s) and serine protease(s). In agreement with their statement made 30 years ago, three Mmp enzymes (Mmp2, Mmp14 and Mmp15, which all belong to the metalloprotease family) and Plau1 and plasmin (which are both categorized in the serine protease family) were identified as proteases indispensable for follicle rupture in medaka ovulation (Ogiwara et al. 2005 (Ogiwara et al. , 2012 (Ogiwara et al. , 2015 . Consistent with the studies about medaka ovulation, Crespo et al. (2015) have recently reported the possibility that Mmp2 may be one of the proteases involved in brown trout ovulation.
The transcription factor Pgr is an essential mediator of the LH surge in medaka (Hagiwara et al. 2014 , Ogiwara & Takahashi 2017 ) and zebrafish ovulation (Zhu et al. 2015 , Tang et al. 2016 , Liu et al. 2017 . At present, only several genes that are expressed in a Pgr-dependent manner at teleost ovulation have been identified to date: mmp15, pai1 and ptger4b for medaka (Hagiwara et al. 2014 , Ogiwara & Takahashi 2017 and ptger4b for zebrafish (Tang et al. 2016) . Future studies that characterize genes/proteins expressed under the control of Pgr in preovulatory follicles would contribute greatly to the overall understanding of the mechanisms that regulate ovulation in teleosts. In addition, defining a signaling pathway activated after the LH surge in granulosa cells to synthesize Pgr remains a challenge.
Another important mediator of the LH surge is TNFα, as recently documented for brown trout ovulation (Crespo et al. 2015) . The authors proposed that TNFα has the dual role of promoting collagen breakdown and cellular death in the trout preovulatory follicle as a requisite for ovulation. Here, an intriguing question arises as to the relationship between TNFα and Pgr in the ovulatory process in teleosts. It is worthwhile to examine whether TNFα and Pgr have a role, independently or in combination, in the expression of proteolytic enzymes required for the process of follicle rupture.
Activation of PKC is shown to be involved in ovulation in various teleost species (Berndtson et al. 1989 , Goetz 1993 , Planas et al. 1997 , Coffman et al. 2000 , Patiño et al. 2003 . In Atlantic croaker, the PKC pathway is necessary for MIH-induced ovulation (Patiño et al. 2003) . Considering that MIH is the ligand of Pgr and that MIH-activated Pgr could induce various ovulationrelated genes, studies addressing the mechanism of how activation of the PKC pathway leads to ovulation would provide valuable information.
A currently unaddressed issue in follicle rupture during ovulation in medaka concerns the role of surface germinal epithelial cells and the associated basement membrane underneath at the rupture site. This basement membrane must be a target of proteolytic enzymes as well. Hydrolysis of the ECM components constituting the membrane has been completed prior to the onset of follicular envelope ECM degradation involving the Plau1/ plasmin system and the Mmp system. Identification and regulation of proteolytic enzyme activities responsible for the breakdown of the basement membrane supporting the epithelial cells remain to be studied.
There is persuasive evidence that prostaglandins are also critically involved in follicle rupture during ovulation in vertebrates (Sirois et al. 2004a ,b, Richards 2005 , Stouffer et al. 2007 , Sugimoto et al. 2015 . The role for prostaglandins in teleost ovulation has been recently reviewed (Takahashi et al. 2018) . In medaka, Ptger4b, a prostaglandin E 2 receptor isoform of Ptger4, is expressed in the granulosa cells of ovulating follicles and is activated with its ligand prostaglandin E 2 at the time of ovulation (Fujimori et al. 2011 , 2012 , Hagiwara et al. 2014 . The activated Ptger4b receptor results in the rearrangement of intracellular actin cytoskeleton in the cells, for which the activation of melatonin receptor-1 subtype (Mtnr1a-a) is also required (Ogiwara & Takahashi 2016) . Interestingly, the proteolytic enzyme system and prostaglandin receptor signaling pathways are activated in parallel in the ovulating follicles in the fish. Emerging evidence indicates that, in addition to Mmp15 and Pai1, the Ptger4b receptor is also a follicle rupture player downstream of the transcription factor Pgr (Hagiwara et al. 2014) . How the timing of activation of these two events are regulated at the molecular level in the ovulating follicle remains to be answered.
Because follicle rupture during ovulation is a biological process ubiquitously observed in both vertebrate and invertebrate animals that sexually reproduce, it may be beneficial to determine the extent to which the rupture mechanism is conserved in the animal kingdom. Few studies have been published addressing ovulation of invertebrate animals. In contrast, a large number of studies have been conducted to seek proteolytic enzymes pivotal for follicle rupture in various mammals (Ny et al. 2002 , Smith et al. 2002 , Ohnishi et al. 2005 , Curry & Smith 2006 , Espey & Richards 2006 , Liu et al. 2013 . As in medaka ovulation, the involvement of the plasminogen activator (PA)/ plasmin system and the MMP system, either separately or in combination, in the rupture of the follicular envelope at ovulation has been repeatedly mentioned. However, the biological significance of the PA/plasmin system and the MMP system in mammalian ovulation remains controversial (Espey & Richards 2006 , Liu et al. 2013 . Information on proteolytic enzymes involved in follicle rupture during human ovulation is limited due to the difficulties of collecting ovarian tissues. However, studies have been conducted to examine the expression and distribution of proteolytic enzymes and intrinsic inhibitors using follicular tissues collected from women undergoing laparoscopic fertilization across the periovulatory period. The specimens are physiologically more relevant than that of granulosa-lutein cells from in vitro fertilization (IVF, Lind et al. 2006b , McCord et al. 2012 , Rosewell et al. 2015 . The results of these and theca cells: MMP1, MMP2, MMP3, MMP8,  MMP9, MMP10, MMP11, MMP13, MP19, ADAMTS1 and ADAMTS9. In addition, the expression of TIMP1, TIMP2 and TIMP3 in the cells has been documented (Lind et al. 2006a , Rosewell et al. 2013 . Among them, the expression levels of MMP10 (McCord et al. 2012) , MMP1 and MMP19 (Rosewell et al. 2015) , TIMP1 (Lind et al. 2006b ) and TIMP3 (Rosewell et al. 2013) were found to increase in the cells as the time of ovulation approached. Another interesting finding obtained using the same human experimental system is that tissue factor pathway inhibitor 2 (TFPI2), a Kunitz-type serine protease inhibitor, is dramatically induced in human granulosa and theca cells of periovulatory follicles by the administration of human chorionic gonadotropin (Puttabyatappa et al. 2017) . Further, TFPI2 knockdown leads to an increase in plasmin activity in rat granulosa cell-conditioned media, suggesting that TFPI2 could regulate plasmin activity in the human ovary (Puttabyatappa et al. 2017) . These findings indicate that, like medaka, both MMPs and plasmin are probably involved in follicle rupture during human ovulation. Further detailed studies of proteolytic events occurring at the apex of the periovulatory follicle in human ovulation will clarify the commonality and difference in follicle rupture mechanisms between humans and medaka. Nevertheless, reproductive biologists appear to assume that at least MMPs may have a significant function in the degradation of the collagenous connective tissue in the follicle wall across mammalian species (Espey & Richards 2006 , Liu et al. 2013 , Puttabyatappa et al. 2014 , Rosewell et al. 2015 . This leads to a speculation that the functional role of the MMP system in the rupture may be conserved from teleosts to mammals. Future studies defining a precise role for MMPs in the follicle wall ECM degradation during mammalian ovulation would verify the assumption that the rupture of the follicles in teleost species may represent a prototype for follicle rupture in mammalian ovulation. An additional future problem concerns the interrelation between the oocyte and follicle cells in teleost ovulation. Most of the proteases and their inhibitors responsible for follicle rupture during medaka ovulation are derived either from the oocyte or granulosa cells. This indicates that the oocyte and the follicle cells are both involved in the rupture process. Interestingly, all the genes/proteins that are induced by the surge of LH are of granulosa cell origin. The timing and order of expression of the genes in the cells appear to be harmonized with the progress of oocyte maturation (Ogiwara et al. 2015 , Ogiwara & Takahashi 2017 . Here, a question arises as to whether factors derived from the oocyte undergoing the maturation have a role in the regulated expression of the genes in the granulosa cells of ovulating follicles. To solve this problem, the teleost medaka may serve as a suitable experimental model.
Conclusions
Over the past three decades, our knowledge of follicle rupture during fish ovulation has significantly increased. In particular, utilization of a small freshwater teleost medaka has contributed greatly to advances in our understanding of this process. We now know that the precise roles of individual proteolytic enzymes and their intrinsic inhibitors in follicle wall ECM degradation during medaka ovulation. In addition, an outline of endocrine regulation governing ECM degradation process has become considerably clearer. However, we are still far away from comprehensive understanding of teleost ovulation, and further investigations are definitely required in the future.
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